Moth bean (Vigna aconitifolia L.), a drought resistant legume, possesses high nutritional value. Cadmium (Cd) is a nonessential and the most toxic heavy metal in plants. The present study was to test the hypothesis of whether moth bean being a drought resistant legume can withstand the cadmium stress. Ten-day-old moth bean seedlings were subjected to cadmium stress and investigated for a period of 15 days every 3-day intervals. Cadmium quantification in moth bean tissues suggests root accumulation and translocation to aerial parts in a concentration dependent manner. Results of physiological and biochemical studies revealed that cadmium has affected the growth parameters like shoot and root lengths and tissue dry weights. Significant alternations in relative water content and cell membrane stability were observed in stressed seedlings. Similarly superoxide radical, lipoxygenase activity, membrane lipid peroxidation products, protein carbonyls, and reduced glutathione and nonprotein thiols were found increased in stressed seedlings compared to controls. However, hydrogen peroxide and ascorbic acid levels were not altered significantly in both stressed and control seedlings. Cadmium translocation ability from roots to aerial parts and elevated levels of nonenzymatic antioxidants in stressed seedlings suggest the cadmium stress withstanding ability of moth bean.
Introduction
Heavy metals are of great environmental and human health concerns due to their widespread occurrence, persistence in ecosystems, and toxic properties [1] . Agricultural crops differ widely in their tolerance to toxic metals. Tolerance of plants to heavy metals is genetically determined [2] , so that identification of plant genotypes differing in resistance to heavy metals is a promising approach, not only for studying mechanisms protecting plants against toxic metals, but also for the selection of those adapted to production in presence of heavy metals in contaminated soils [3] .
Cadmium (Cd) is highly toxic to all living organisms and is one of the most toxic heavy metals in plants due to its high solubility in water and phytotoxicity [4, 5] . Cadmium is not an essential nutrient in plants and at high concentration inhibits plant growth [6, 7] ; even at relatively low concentrations it alters plant metabolism [8] . Detrimental effects of cadmium are manifested in inhibition of photosynthesis and in oxidative stress leading to membrane damage [9] . The intensive application of phosphate fertilizers containing traces of Cd and industrial zinc mining is expanding the soil-Cd contamination rapidly especially in the developing countries [10, 11] .
Moth bean (Vigna aconitifolia L.), also called mat bean or matki bean, mout bean, or dew gram or Turkish gram, belongs to Fabaceae. Moth bean is a most popular pulse crop in India. It is cultivated for its immature pods and mature seeds and is consumed by people all around the world, especially in the developing nations [12] [13] [14] as it possesses high nutritional value and is a potential source of protein and other nutrients.
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Legume crops are less tolerant to Cd toxicity than cereals and grasses and encounter strong inhibition of biomass production due to cadmium [15] . Different degrees of tolerance to cadmium stress were observed among different genotypes of the same species [16] [17] [18] . Vigna species can grow under a wide range of climates and environments [19] . Moth bean is a hot weather, drought resistant legume, particularly cultivated in hot, arid to semiarid regions. For optimum production it requires 24 ∘ C-32 ∘ C of temperature; however, the plant withstands daytime temperature of 45 ∘ C and does not tolerate water logging. Some degree of salinity and a wide pH range (3, (5) (6) (7) (8) (9) (10) are tolerated [15, 20] . Presence of cadmium in the soil decreases the growth of legumes like soybean [21, 22] and chickpea plants [23] . However, in the pertinent literature survey on moth bean and its heavy metal stress responses, few published reports [24, 25] are available to date revealing its cadmium stress responses.
The present study is envisaged to evaluate whether the moth bean is sensitive to cadmium like other legumes or it can withstand the cadmium stress, as this plant can withstand a wide range of environmental stresses. To test this hypothesis the present study has been taken up to evaluate the cadmium sensitivity or tolerance of moth bean plant by subjecting to different concentrations of cadmium for a short duration period of 15 days. The investigations were carried out by determining the changes in physiological growth parameters like fresh and dry mass yield, cell membrane stability, and biochemical parameters including changes in the levels of antioxidant molecules, nonprotein thiols, and antioxidant enzymes and also accumulation of cadmium in plant organs.
Materials and Methods
Plant Material and Cadmium
Treatments. Seeds of Vigna aconitifolia (moth bean) cv. PS-16 were procured from local agriculture seed stores of Davangere, Karnataka State, India. The healthy and uniform sized seeds were separated, surfacesterilized with 0.5% sodium hypochlorite (v/v in sterile distilled water) solution imbibed in sterile double distilled water for 48 hrs in the dark, and germinated on Whatman No. 1 filter paper moistened with sterile distilled water. Twoday-old sprouts were sown in germination trays filled with cleaned and dried sand for further growth, watered daily with 1x Hoagland nutrient solution [26] for 10 days. From the 11th day considered as "0" day, cadmium (Cd) in the form of cadmium chloride (CdCl 2 ) was supplemented in Hoagland nutrient solution at different concentrations, 10 M, 50 M, 100 M, 200 M, and 500 M; simultaneously control group of seedlings were also maintained. Stress treatments were continued for 15 days, seedlings were removed from the individual treatment trays every 3-day intervals, and the experiments were conducted according to simple randomized block design. Experiments were conducted in two sets; for each set of experiments 20 healthy seedlings were taken at random, and roots and upper second fully expanded leaves were separated and subjected to physiological and biochemical analysis.
Plant Growth Measurements.
Plant growth was assessed by measuring the shoot and root lengths and fresh (FW) and dry weights (DW) of the plants from individual treatment group. For the dry weight determination, samples were ovendried at 80 ∘ C for 15 min and then vacuum-dried at 40 ∘ C to constant weight and then dry weights (DW) were recorded.
2.3. Cadmium (Cd) Uptake. Amount of cadmium (Cd) in 15day stressed plant tissues was quantified by atomic absorption spectrometer analysis. Briefly, leaves and roots were separated from the plants, washed in deionized water for 2 min, and air-dried and further drying was carried out in a microwave station at 80 ∘ C for 2 days. Dried plant tissue was ground into fine powder; 1 g of tissue powder was digested into 3 parts of di-acid mixture containing 1 M HNO 3 and 1 M HCl (3 : 1 ratio) at 60 ∘ C. Cadmium content was determined by atomic absorption spectrometer (Chemito-AA201) analysis using cadmium standard (Sigma-Aldrich, St. Louis).
Relative Water Content (RWC).
Relative water content (RWC) was determined in fresh leaf discs that were weighed and immediately floated on double distilled water in petri dishes to saturate for the next 24 h, in the dark. The adhering water was blotted and turgor weights were recorded. Subsequently dry mass was obtained after dehydrating at 70 ∘ C for 48 h. Relative water content was calculated using the following formula:
RWC = (
Fresh mass − Dry mass Turgor mass − Dry mass × 100) .
(1)
Cell Membrane Stability (CMS).
Cell membrane stability (% of injury) was determined by electrical conductivity measurements [27] in control and cadmium stressed leaf discs using a conductivity meter (Systronics, India). Subsequently, the leaf tissues were killed by autoclaving at 121 ∘ C and 1.06 kg cm −2 pressure for 15 min and electrical conductivities were measured again to determine the total electrolyte concentrations. The CMS index (% of injury) of the leaf tissues was determined using the following equation:
where 1 and 1 represent the electrolyte concentrations measured after incubating at 10 ∘ C for 24 h and 2 and 2 represent the total electrolyte concentration measured after autoclaving the leaf tissues of both treatments and controls, respectively.
2.6. Estimation of Active Oxygen Species (AOS) Levels. The amount of superoxide radicals (O 2 •− ) was estimated by determining the amount of nitrite formed from hydroxylamine [28] in the fresh leaves and root extracts prepared separately into 65 mM phosphate buffer (pH 7.8) and supernatants were used for the estimation of superoxide. The reaction mixture contained 0.9 mL of 65 mM phosphate buffer (pH 7.8) and 10 mM hydroxylamine hydrochloride and plant tissue extract. After incubation at room temperature 17 mM sulphanilamide and 7 mM -naphthol were added; after incubation for 5-10 min at room temperature, diethyl ether was added and absorbance of supernatants was recorded at 530 nm. Amount of nitrite formed was determined with the help of a standard curve established with standard source of NO 2 − and expressed as M g −1 FW of tissue. The amount of total hydrogen peroxide (H 2 O 2 ) was estimated in the fresh leaves and roots by ferrithiocyanate method [29] . Tissue homogenates were prepared into 5% trichloroacetic acid; supernatants were used immediately for the total peroxide estimation. The reaction mixture contained tissue extract, 50% trichloroacetic acid, and 10 mM ferrous ammonium sulphate, and colour was developed with 2.5 M potassium thiocyanate. Absorbance of reaction mixture was measured at 480 nm and amount of total H 2 O 2 was calculated using the extinction coefficient 0.28 mol −1 cm −1 . (EC 1.13.11.12) . Lipoxygenase (EC 1.13.11.12) assay was carried out in the fresh leaf and root extracts (500 mg) as described by [30] . Tissue homogenates were prepared separately into 3 mL of 0.2 M borate buffer (pH 8.0) and supernatants used for the lipoxygenase assay. The assay mixture contained 0.2 M boric acid buffer (pH 10.0) and plant extract and linoleic acid as a substrate in a final volume of 3 mL. The reaction was carried out at 30 ∘ C for 4 min and absorption of reaction mixture was measured at 234 nm. Molar absorption coefficient of 25000 M −1 cm −1 was used for determining the concentration of the hydroperoxides produced and lipoxygenase activity was expressed as absorbance increase (DA 234 ) mg −1 of protein min −1 .
Assay of Lipoxygenase (LOX) Activity
Membrane Lipid Peroxidation and Protein Oxidation
Products. Membrane lipid peroxidation in leaves and roots was determined as malondialdehyde (MDA) equivalent products that react with thiobarbituric acid [31] . Absorbance of reaction mixture was measured at 532 nm spectrophotometrically and concentration of MDA was calculated using extinction coefficient of 155 mM −1 cm −1 and expressed as M −1 g fresh weight of tissue. Protein oxidation was measured in tissue extracts as the total carbonyl group content by reaction with 2,4-dinitrophenylhydrazine (DNPH) [32] . Tissue extracts were prepared into 5 mL of 50 mM potassium phosphate buffer (pH 7.4) containing 120 mM KCl and 0.1 g PVP; aliquots of supernatants containing at least 0.5 mg protein were incubated with 0.03% Triton X-100 and 1% streptomycin sulphate for 15 min to remove the nucleic acids. After centrifugation, equal volumes of supernatant and 10 mM DNPH in 2 M HCl were mixed with each other, after incubation for 1 h, proteins were precipitated with 20% TCA (w/v), precipitate was washed three times with ethanol : ethylacetate (1 : 1) and dissolved into 6 M guanidine hydrochloride in 20 mM potassium phosphate buffer, pH was adjusted to 2.3 with trifluoroacetic acid, and absorption was measured at 380 nm. Carbonyl group content was calculated using a molar absorption coefficient of 22,000 M −1 cm −1 and expressed as M g −1 FW.
Estimation of Nonenzymic Antioxidants.
Total ascorbate was determined according to the modified procedure of [33] in fresh leaf and root tissue homogenates prepared into 5% metaphosphoric acid and dithiothreitol (for reducing dehydroascorbate to ASC) using 5% (w/v) -ethylmaleimide and 4% (w/v) 2,2 -bipyridyl. Absorbance of the reaction was measured spectrophotometrically at 525 nm and using standard ascorbate calibration, tissue total ascorbate was determined and expressed as mg −1 g FW. Reduced glutathione content was determined using 5,5 -dithiobis-2-nitro benzoic acid (DTNB) reagent in fresh leaf and root extracts prepared separately into 5% sulfosalicylic acid [34] . Absorbance of the reaction was measured spectrophotometrically at 412 nm and the amount of glutathione was determined using a standard calibration curve constructed with reduced glutathione (GSH). Similarly, nonprotein thiols (NPSH) were determined using DTNB reagent [35] in fresh leaf and root tissue homogenates prepared separately into 1 M HCl containing 1 mM EDTA. Absorbance of reaction mixture was measured at 412 nm and the amount of nonprotein thiols was quantified using a reduced glutathione (GSH) calibration curve. Free cysteine content was measured using acetic acid-ninhydrin reagent in the fresh leaf and root tissue extracts prepared into 5% perchloric acid [36] . Absorbance was read at 560 nm and the amount of cysteine was quantified using a calibration curve prepared with cysteine standard.
Statistical Analysis of the Data.
Data from 3 trials of each experiment with at least 10 plants (tissue samples from same group) for each trial were statistically analyzed (oneway ANOVA) using GraphPad Prism software (version 3.0). Unless otherwise stated elsewhere, average values (mean) and standard errors (SE) were determined, means were compared with Dunnett's test (at 5% level of significance), and data were represented as mean ± SE.
Results
Seed Germination and Seedling
Growth. Seed germination was achieved within 2-3 days and the germination percentage was determined to be between 97 and 99%. Seedlings attained nearly 6.5-8.2 cms of height in 10 days on 1x Hoagland's nutrient solution.
Plant Growth Measurements.
Shoot lengths and root lengths of the Cd stressed seedlings were found to be slightly affected but no significant changes were observed with the increase in stress intensity (concentration of Cd and duration of exposure) and duration compared to respective control group of plants ( Figure 1 ). Similarly, a slight reduction in the dry weights of tissue mass in cadmium stressed plants was observed at all the concentrations of cadmium and duration ( Figure 2 ). 
Cadmium Accumulation in Tissues.
Cadmium content was found to be significantly increased in both leaves and roots of stressed plants compared to respective controls. Tissue accumulation was in a concentration dependent manner supplemented in the medium. Higher amounts of cadmium were determined in leaves than in roots at 10 M concentration supplemented in the medium, higher amounts in roots than in leaves at 200 M concentration supplemented in the medium, and similar amounts in both leaves and roots at 500 M concentration supplemented in the medium (Figure 3 ).
Relative Water Content (RWC).
Relative water content (RWC) was determined in fresh leaves and roots. Significant differences in relative water content were observed between the controls and cadmium stressed plants after 15 days of cadmium exposure. In the cadmium stressed plants nearly 67% decrease in RWC was observed in leaves, while in roots the decrease in RWC was nearly 56% (Figure 4 ) compared to control group of plants.
Cell Membrane Stability.
Cell membrane stability or membrane injury (%) was assessed by an indirect measurement of electrolyte leakage of the leaf discs. Significant decrease in cell membrane stability was observed in stressed plant leaves compared to control group leaves. There was an inverse relationship observed between the intensity of cadmium stress and cell membrane stability. Greater than or equal to 100% injury was observed only at 500 M cadmium stress, while at other concentrations of cadmium, the % of injury was observed to be less than 100% ( Figure 5 ).
Changes in Active Oxygen Species (AOS) Levels.
Cadmium stress induced an increase in superoxide radical (O 2 •− ) production in both leaf and root tissues, compared to controls with higher levels noticed in the stressed tissues. The levels of superoxide radical were found to be up to 4-fold higher in roots than in leaves. Cadmium at 500 M concentration induced about 4.0-fold increase in O 2 •− production in leaves and about 6.2-fold increase in roots at the same concentration (Figures 6(a) and 6(b) ). However, a consistent increase in hydrogen peroxide production was observed in both leaves and roots of stressed plants compared to controls, with higher amounts determined in leaves than in roots (Figures 6(c) and 6(d)).
Changes in Membrane Lipid and Protein Oxidation
Products. Cadmium stress caused a significant increase in the amount of lipid peroxidation in leaves and roots at all the concentrations, as measured in terms of thiobarbituric acid reactive oxygen species (TBARS) with highest amount of TBARS (MDA equivalent product); concentration was recorded in 500 M cadmium exposed plant tissues. Compared to controls about 3-fold increase was observed in leaves and roots by day 15 (Figures 7(a) and 7(b) ). Similarly, cadmium stress significantly increased carbonyl groups content in leaves and roots compared to control group of plants, with higher values recorded in leaves than in roots (Figures 7(c)  and 7(d) ). (EC 1.13.11.12) . Lipoxygenase activity was found to be increased in both leaves and roots of stressed plants compared to respective controls. The increase was recorded to be consistent with the intensity of cadmium stress and duration, with higher levels in leaves than in roots (Figure 8 ). 3.9. Changes in Nonenzymatic Antioxidants. Ascorbic acid (AsA) content was found to be slightly decreased in leaves of cadmium stressed plants compared to respective controls. However, a significant increase in ascorbate content was observed in roots, with higher levels recorded in 500 M cadmium stressed plants on day 15 (Figures 9(a) and 9(c)). Glutathione (reduced) content was found to be significantly increased in leaves and roots of cadmium stressed plants, compared to respective controls, with higher levels recorded in leaves than in roots at all the concentrations of cadmium and duration (Figures 9(b) and 9(d) ). Nonprotein thiols (NPSH) and cysteine content were found to be increased in leaves and roots of cadmium stressed plants, compared to respective controls at all the concentrations of cadmium and duration (Figures 10(a) , 10(b), 10(c), and 10(d)).
Changes in Lipoxygenase (LOX) Activity
Discussion
Cadmium is one of the nonessential heavy metal pollutants, which is highly toxic to plants, because of its relatively high mobility in the soil-plant system [37, 38] . Cadmium stress impairs the physiological and biochemical processes in plants such as photosynthesis, water relations, and mineral uptake [39, 40] and also causes disruption of membrane composition and function [41, 42] . Results of the present study in cadmium stressed seedlings of V. aconitifolia revealed that cadmium stress affected shoot and root growth ( Figure 1 ) and tissue dry matter accumulation (Figure 2 ). The results of cadmium quantitative analysis revealed that cadmium has accumulated in both leaves and roots on a concentration dependent manner supplemented in the medium (Figure 3 ), suggesting the possible translocation of cadmium from roots to aerial parts (leaves) at all the concentrations used to impose stress. Cadmium reaches the aerial parts through the xylem by easily penetrating root system of xylem [43, 44] . Cadmium quantification (Figure 3 ) in moth bean plants clearly suggests that leaves are also affected by cadmium stress, which might be due to the translocation of this trace metal from roots to aerial parts like shoots and leaves in moth bean plant. Cadmium affects moth bean growth and leaf pigment composition [24, 25] . The difference in cadmium uptake and tissue distribution may act as the first defense line by reducing the toxic metal level in organs or cells [45] . Leaf relative water content (RWC) and cell membrane stability were affected in the stressed seedlings compared to nonstressed control seedlings (Figures 4 and 5 ). Higher loss in RWC was observed in leaves (67%) compared to roots (56%); further this loss of RWC was observed to be dependent on severity of stress and duration of exposure of seedlings to the stress Figures 4(a) and 4(b). Similar findings were also reported in lettuce [46] and radish seedlings [47] that cadmium exposure reduced the relative water contents. Reference [48] demonstrated that cadmium decreases leaf conductance and interacts with stomatal regulation in a concentration dependent manner which is a manifestation of cadmium toxicity in plants that is not influenced by abscisic acid. Plant water status reflects the metabolic activity that is measured as RWC in leaves [49] . The altered leaf RWC and cell membrane damage (% injury) confirms the manifestation of cadmium toxicity in stressed V. aconitifolia seedlings, which might be due to the elevated levels of ROS in both superoxide radicals and hydrogen peroxide ( Figure 6 ). Published data from other plant species suggests that cadmium alters the cellular redox state, by increasing the production of reactive oxygen species (ROS) like H 2 O 2 (hydrogen peroxide), O 2
•− (superoxide), and OH • (hydroxyl radicals) [37, 50] content and level of membrane lipid peroxidation as well as electrolyte leakage that are often used as biochemical markers to assess the extent of oxidative damage in plants under stress [51] [52] [53] . To this perspective, results of the present study strongly indicate the onset of cadmium-induced oxidative stress manifested as oxidative damage to membranes in the V. aconitifolia seedlings, as observed by the increase in amounts of TBARS (malondialdehyde), carbonyl content in leaves and roots, which are the products of membrane lipid peroxidation and protein oxidation, respectively (Figures 7(a) , 7(b), 7(c), and 7(d)). Increase in TBARS content is assumed to be a common symptom of heavy metal stress [54] [55] [56] . Protein oxidation in stressed tissues is the most commonly occurring oxidative modification; accumulation of oxidized proteins reflects not only the rate of protein oxidation but also the rate of oxidized protein degradation [32, 57] . Increase in TBARS content could be correlated with the elevated levels of lipoxygenase activity (Figure 8 ). Lipoxygenases are a family of enzymes that catalyze oxygenation of polyunsaturated fatty acids (PUFAs) into lipid hydroperoxides (LOOHs) involved in stress responses [58] . Elevation in lipoxygenase activity during altered cellular redox state was reported in other plants also [58, 59] .
Nonenzymatic mechanisms of ROS detoxification can also operate during plant stress, and the main nonenzymatic antioxidants include ascorbate and glutathione (GSH), nonprotein thiols in metal stress [60] [61] [62] . After application of heavy metals, the ascorbate-glutathione cycle seems to be a mechanism of great importance in controlling the cellular redox status [63] . It was observed during the present study that the amount of ascorbic acid (Figures 9(a) remained more or less stable during the entire period of study, while glutathione (GSH) (Figures 9(b) and 9(d) ), other nonprotein thiols, and cysteine concentration (Figures 10(a) , 10(b), 10(c), and 10(d)) were increased in cadmium stressed V. aconitifolia seedlings with increase in Cd stress intensity. Ascorbate is a primary as well as a secondary antioxidant [58, 62, 63] that may bind metals, thereby affecting their movement across biological membranes, or may act as a reducing agent, protecting the oxidation of the mercapto (-SH) groups by contributing electron or reducing power for photosystem II [64] . Similarly GSH is a well characterized antioxidant that plays a prominent role in defense system of plants [4] and plays a central role in the regeneration of ascorbate and functions as an antioxidant scavenging radical, and also GSH is the direct substrate for the synthesis of phytochelatins (PC), which chelate the metals. The nonprotein thiols (NPSH) and cysteine were measured during the present study because of their importance in polythiol synthesis (phytochelatin) and metal sequestration [65, 66] . H 2 O 2 appears to be a central signal component of plant adaptation to both biotic and abiotic stresses [40] . Previous studies in other plants have given several lines of evidence indicating that cadmium exposure increased the production of H 2 O 2 [57, 67, 68] . The consistent increase of H 2 O 2 (Figures 6(a) and 6(b)) and ascorbate contents in leaves and roots (Figures 9(a) and 9(c)) and also elevated levels of reduced glutathione (Figures 9(b) and 9(d) ) and nonprotein thiols in the leaves and roots (Figures 10(a) , 10(b), 10(c), and 10(d)) of V. aconitifolia seedlings with increasing intensity of cadmium stress in the present study suggest that H 2 O 2 might have induced signal transduction cascade seedlings to the imposed cadmium stress. With the increased nonenzymatic antioxidants nonprotein thiols, and translocation of cadmium from roots to leaves, these mechanisms probably confer the cadmium stress tolerance of V. aconitifolia seedlings.
Conclusions
Cadmium is one of heavy metals that accumulates in the agriculture soil at toxic levels due to anthropogenic activity. In the present study it has been observed that cadmium affected the physiological and biochemical parameters in both leaves and roots by altering redox status, increased lipoxygenase activity, and affected RWC and cell membrane stability in moth bean (V. aconitifolia) seedlings. In spite of these effects of cadmium, moth bean could maintain its growth vigour by minimizing the cadmium toxicity not only by translocation of cadmium from rhizosphere to aerial parts, but also by inducing the H 2 O 2 mediated signaling, maintaining the active operation of ascorbate-glutathione cycle and increasing the concentration of nonprotein thiols and cysteine content. In the present study, it has been demonstrated that, unlike other cadmiumsensitive legumes, moth bean is tolerant to cadmium toxicity at the levels studied. Further studies are to be carried out at cellular and molecular level to confirm the possible cadmium withstanding potential of V. aconitifolia.
